Potato tissue culture is sensitive to ethylene accumulation in the culture vessel. Ag inhibits ethylene action but no information on nanosilver application in potato tissue culture has been published so far. In our study, potato cv. White Desiree was treated with nanosilver (0, 1.0, 1.5, and 2.0 ppm) in vitro. Leaf surface was increased, while stem length and root length decreased. Nanosilver caused also a decrease in the number of isolated protoplasts and in the viability of isolated protoplasts when applied either directly or indirectly.
INTRODUCTION
The term nanosilver means nanoparticles of silver ranging in size between 1 nm and 100 nm. Thus a single silver atom (Ag) or silver ion (Ag+) is not nanomaterial. A nanosilver particle may or may not be charged on its surface or generate silver ions. Like ionic silver, nanosilver is a very potent killer of bacteria and has been shown to kill fungi, algae, and some viruses, including HIV (BeCKer 1999) . Recently, nanosilver has been found at concentrations as low as 0.14 µg/ml to be toxic to several species of nitrifying bacteria, which play an important role in the environment by converting ammonia in the soil to a form of nitrogen that can be used by plants (Blaser et al. 2008 ). Interruption of cell wall synthesis, resulting in a loss of essential nutrients, has been shown to occur in yeasts (Wells et al. 1995) and may occur in other fungi as well. Antiviral activity of silver ions has been recorded, and interaction with -SH groups has been implicated in the mode of action (thurMan & GerBa 1989) .
Plant tissue cultures incubated in vitro emanate ethylene, and accumulation of this plant hormone in the culture vessel headspace may be unfavourable to culture growth. Potato explants are very sensitive to ethylene accumulation. Under in vitro culture of potato explants, ethylene causes slow growth, small leaf size, weak stems, and root formation on shoots (ehsanPour & jones 2000) . To overcome this problem, silver ion (Ag + ) can be applied, as silver nitrate (AgNO 3 ) or in the form of a silver thiosulfate (STS) complex, since it is an effective inhibitor of ethylene action (Beyer 1979; veen & van de Geijn 1978) . Recently, strader et al. (2009) found that in addition to blocking ethylene signalling, Ag + promotes indole-3-acetic acid (IAA) efflux. Silver added to the medium has been used to control and improve plant regeneration and transformation in vitro (KuMar et al. 1998; KuMar et al. 2007 ). Improvements were achieved despite the phytotoxicity of AgNO 3 (ratte 1999). Ag + reacts not only with halide ions, but also binds to various compounds -such as lipopolysaccharides, amino acids, proteins, RNA, and DNA -to form silver nanoparticles, a property frequently used for biochemical analyses (BluM et al. 1987 , shevChenKo et al. 1996 tsai & frasCh 1982) . This is the first study aimed to answer if nanosilver is able to block ethylene function of potato plants under tissue culture conditions and if nanosilver is toxic to potato as a model plant.
MATERIAL AND METHODS
The virus-free potato cv. White Desiree was obtained from shoot culture stock of the Department of Biology, University of Isfahan, Iran. Single-node stem segments were sub-cultured on MS (MurashiGe & sKooG 1962) basal medium without growth regulators. Explants (stem segments 1 cm long) were taken from 4-week-old in vitro plantlets and were transferred onto MS medium containing 0, 1.0, 1.5, and 2.0 mg/l nanosilver (50 nm). Plants were grown in the culture room at 25°C with 16-h photoperiod and a photosynthetic photon flux density of 95 µmol m -2 s -1 . All experiments were carried out with 4 replications.
Protoplast isolation
Leaf segments from 4-week-old potato plants treated with various concentrations of nanosilver and untreated plants as control were used for protoplast isolation. Approximately 0.5-1.0 g of large leaves were removed, cut into thin (0.5-1.0 mm) strips, and soaked (pre-plasmolysed) in wash solution (fish & KarP 1986) containing 7.5% mannitol, pH 5.6, for 0.5-1.0 h. Protoplasts were released by gently swirling the leaf slices for 4.5 h at 40 rpm at 25-28°C in an enzyme solution containing the major salts of fish & KarP (1986), macerozyme R-10 (0.15%, Yakult Tokyo, Japan), cellulase (0.7%), pH 5.6, and then centrifuged at 700 rpm for 5 min. Protoplasts were re-suspended and washed twice in wash solution. The density of protoplasts was determined by counting the number of protoplasts in a homocytometer. The viability of protoplasts was also examined, using fluorescein diacetate (FDA, 5 mg/l), as described by teMPelaar & jones (1985) . After 4 weeks, the ratio of leaf surface to shoot length, root length, the number of isolated protoplasts, and protoplast viability were recorded.
Direct effect of nanosilver on protoplast viability
Protoplasts were isolated from a 4-week-old untreated potato plant. Next, a few drops of protoplast suspension (3 × 10 4 /ml) were loaded on the microscope slide and covered by a cover slip. Then nanosilver (2.0 ppm) was added to the protoplasts and the viability of protoplasts was monitored for 12 min by taking photos of protoplasts every 3 min.
RESULTS
The effects of different concentrations of nanosilver on the ratio of leaf surface to shoot length showed that the application of nanosilver at a concentration of 0.5, 1.0, 1.5, and 2.0 ppm increased this ratio. It means that leaf surface of potato plant was increased, whereas shoot length was decreased due to nanosilver treatment (Fig. 1) .
When the root lengths of treated plants were measured, data showed that nanosilver treatment had decreased root length. Potato plants under 1.5 and 2.0 ppm did not produce any roots or just a few roots were initiated (Fig. 2) From the plants treated with nanosilver and the untreated plants, protoplasts were isolated. The number of protoplasts released from leaf segments of treated plants with nanosilver (0.5, 1.0, 1.5, 2.0 ppm), compared to the untreated plants, decreased significantly. A dramatic reduction of the number of protoplasts was observed when Fig. 1 . Effect of nanosilver on leaf area to shoot length ratio of potato plants. Different letters denote significant differences (P ≤ 0.05, Duncan test). Error bars denote standard deviation nanosilver was applied at concentrations higher than 0.5 ppm (Fig. 3) . A similar pattern was observed for protoplast viability. Compared to the control (60%), plant treatment with nanosilver resulted in significantly lower viability. For example, at 0.5 and 1.0 ppm, approximately 30%, and at 1.5 and 2.0 ppm nanosilver, slightly less than 20% of isolated protoplasts were viable (Fig. 4) . The viability of protoplasts was decreased when nanosilver was applied directly on protoplasts of the untreated plants (Fig. 5) . The dramatic and quick reduction of protoplast viability within 9 min led to complete death of protoplasts (Fig. 6) . 
DISCUSSION
It has been reported that a decrease in explant survival and biomass reduction after nanosilver treatment is related to malformation of roots and inhibition of shoot formation in chrysanthemum and tobacco. Silver ions interact with sulfhydryl (-SH) groups of proteins as well as with the bases of DNA, leading either to the inhibition of respiratory processes (BraGG & rannie 1974) or DNA unwinding (Batarseh 2004 ). Inhibition of cell division and damage to bacterial cell envelopes are also recorded (riChards et al. 1984) and interaction with hydrogen bonding processes has been demonstrated to occur (russell & huGo 1994) . As specific surface area of nanoparticles is increased, their biological effectiveness can be increased due to the increase in surface energy (WilleMs 2005) .
The development of aerial roots, branching, and scale leaves on the cultured potato cv. White Desiree shoots usually occur if it is cultured in tightly closed vessels. This phenomenon has been reported for other plants as well, for example Brassica campestris L. This phenomenon is caused by accumulation of ethylene and depletion of oxygen in the tissue culture vessel. Ethylene reduces the frequency of adventitious shoot regeneration from explants and retards potato growth (adKins et al. 1993 , ChanG & Chan 1991 and also inhibits rice callus growth (adKins & MaGdalita 1994) . One of the obvious effects of ethylene accumulation is small leaf surface area. The effects of ethylene on potato tissue culture might be due to the interaction between endogenous growth-promoting hormones and ethylene (Chi & Pua 1989) . Perl et al. (1988) reported that ethylene inhibits cell division and cell differentiation in lettuce pith explants. A similar report by aPelBauM & BurG (1972) indicated that cell division frequency is reduced by 95-98% in the hook region of Pisum sativum treated with 50 µM ethylene. Inhibition of ethylene action by STS or ethylene synthesis by ancymidol has been proved to affect potato growth and development. Application of nanosilver on potato cv. White Desiree showed that it affected leaf and stem growth very much like STS. Nanosilver at all concentrations (0.5, 1.0, 1.5, 2.0 ppm) caused an increase in leaf surface area but a decrease in shoot length. Increasing Fig. 6 . Effect of direct application of nanosilver on protoplast viability within 9 min. Light green colour (indicated by arrows) is viable protoplast at time 0 (A), after 3 min (B), after 6 min (C), after 9 min (D). Red colour shows nonviable protoplasts of leaf surface to shoot length ratio has been reported already using STS (ehsanPour & jones 2001). Root length was decreased when nanosilver was applied at a concentration of 0.5 or 1.0 ppm, whereas no root growth was observed at 1.5 and 2.0 ppm. The inhibitory effect of nanosilver might be due to toxicity of silver nanoparticles, in particular at concentrations higher than 0.5 ppm.
Improvement of protoplast isolation using ethylene inhibitors, such as STS, has already been reported for potato (ehsanPour & jones 2001) . In that report, also the viability of protoplasts was increased by STS. In contrast, when nanosilver was added to the culture medium in the present study, the number of isolated protoplasts and percentage of viable protoplasts of potato cv. White Desiree decreased dramatically. Since silver nanoparticle has no electric charge, it can easily move to the cytoplasm through cell membrane, and inside the cell it can be accumulated at a high concentration. This may happen either indirectly, when nanosilver is added to the culture medium, or directly, when nanosilver is applied directly onto the isolated protoplasts. Consequently, the high toxicity of nanosilver, due to the generation of reactive oxygen species (ROS) in the protoplast, reduces the number and viability of isolated protoplasts. Surprisingly, recently it has been reported that silver nanoparticle is able to generate ROS and has a poisonous effect on plant cells of Arabidopsis thaliana (arifa et al. 2012 ). In our experiments, inhibition of potato root growth also might be a consequence of ROS production. There are 2 possible ways for ethylene receptor inhibitory function of nanosilver in the cell: (1) it may occur inside the cytoplasm as nanoparticles and make a nanoparticle coat on the ethylene receptor and block the ethylene action, or (2) inside the cytoplasm nanosilver may be converted to silver ions and act like AgNO 3 and STS (haKan 2004). However, in either case, despite improvement in some parameters of growth and development of potato plants, nanosilver caused a dramatic loss of viability of isolated protoplasts. This is the first report to indicate that nanosilver is a toxic agent for potato plant cells.
